The accumulation of unfolded or misfolded proteins in the endoplasmic reticulum (ER) results in the condition called ''ER stress,'' which induces the unfolded protein response (UPR), a complex cellular process that includes changes in expression of many genes. Failure to restore homeostasis in the ER is associated with human diseases. To identify the underlying changes in gene expression in response to ER stress, we induced ER stress in human B cells and then measured gene expression at ten time points. We followed up those results by studying cells from 60 unrelated people. We rediscovered genes that were known to play a role in the ER-stress response and uncovered several thousand genes that are not known to be involved. Two of these are VLDLR and INHBE, which showed significant increase in expression after ER stress in B cells and in primary fibroblasts. To study the links between UPR and disease susceptibility, we identified ER-stress-responsive genes that are associated with human diseases and assessed individual differences in the ER-stress response. Many of the UPR genes are associated with Mendelian disorders, such as Wolfram syndrome, and complex diseases, including amyotrophic lateral sclerosis and diabetes. Data from two independent samples showed extensive individual variability in ER-stress response. Additional analyses with monozygotic twins revealed significant correlations within twin pairs in their responses to ER stress, thus showing evidence for heritable variation among individuals. These results have implications for basic understanding of ER function and its role in disease susceptibility.
Introduction
The endoplasmic reticulum (ER) is the organelle where proteins and lipids are processed 1 and intracellular calcium is regulated. When cells such as human B-lymphocytes have to cope with increased protein loads in response to cellular demands that require synthesis and secretion of proteins such as immunoglobulins, they expand and cause the differentiation of the ER. 2 However, if unfolded or misfolded proteins accumulate in the ER, the overall result is termed ''ER stress.'' The cell responds by the unfolded protein response (UPR), a coordinated series of cellular events that increase the capacity of the ER to process the unfolded proteins and reduce the protein loads. 3, 4 These processes, many of which involve changes in gene expression, are initiated when the ER chaperone protein BiP 5 dissociates from the transmembrane ER-stress-sensor molecules, ATF6, 6,7 IRE1, 8 and PERK. 9 ER stress occurs in a wide variety of tissues and species and is associated with numerous human diseases. [10] [11] [12] [13] [14] Although ER stress arises in normal cellular functions as well as in diseases, many human genes and pathways involved in the process remain to be identified. Characterization of these genes will lead to a better understanding of ER functions and of diseases caused by abnormalities in the UPR. In this study, we characterized the temporal response and individual differences in response to ER stress by exposing B cells from unrelated individuals to tunicamycin or thapsigargin. First, we carried out a comprehensive search for genes involved in UPR by studying the gene expression patterns at ten time points in these cells. Second, we focused on two time points and studied the responses in cells from 60 individuals and a replicate sample with 14 individuals in order to assess individual variability in gene expression response to ER stress. Third, we studied the genetic contribution to the ER-stress response in genetically identical monozygotic (MZ) twins. The results allowed us to identify a large number of human genes involved in UPR; among them are genes such as inhibin beta E (INHBE [MIM 612031]) and very low density lipoprotein receptor (VLDLR [MIM 192977 ]), which have not been implicated in UPR and yet are strongly induced in B cells undergoing ER stress. We also showed that there is extensive individual variability in gene expression response to ER stress, and we demonstrated that there is likely a genetic component to this variation. Many of these variable ER-stress-responsive genes play a role in Mendelian disorders and complex diseases, suggesting the importance of proper ER function in human health.
Materials and Methods

Samples and Induction of ER Stress
Immortalized B cells from 60 unrelated individuals (grandparents in the HapMap CEPH-Utah pedigrees) and 26 MZ twin pairs (14 of European ancestry, 12 African American) were obtained from Coriell Cell Repositories (Camden, NJ, USA). All twin pairs were normal and apparently healthy. Zygosity testing was done at the Coriell Institute (11 twin pairs) or in our lab (15 twin pairs) by genotyping of 28 microsatellite markers.
Cells were grown at 37 C in 5% CO 2 in RPMI medium 1640 containing 15% fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U/mL penicillin/streptomycin. As a way to minimize possible batch effects, cells from the 60 unrelated individuals were grown in four batches, and for the twin samples, all but three pairs were grown in only two batches, of 12 and 11 twin pairs (24 and 22 cultures), respectively. In order to monitor effects resulting from culturing and hybridizing cells in batches, some cells from batch 1 were grown again with each successive batch.
To induce ER stress, we transferred cells to fresh RPMI 1640, supplemented as above, at a concentration of 10 6 cells/ml, grew them for 18 hr, and then treated them at the indicated time points with either 500 nM thapsigargin (Sigma-Aldrich) dissolved in DMSO (Sigma-Aldrich) or 4 mg/mL tunicamycin (SigmaAldrich) in DMSO. These standard doses of thapsigargin and tunicamycin are used in many studies for the induction of ER stress. 15, 16 These drug dosages did not lead to excessive cytoxicity. 
Affymetrix Expression Arrays and Analysis
RNA was prepared from the treated and untreated cells with the use of the RNeasy kit (QIAGEN), labeled with biotin with the use of the GeneChip Expression 3 0 -Amplification One-Cycle cDNA Synthesis Kit (Affymetrix), and hybridized to Affymetrix U133 Plus 2.0 GeneChip arrays in accordance with manufacturers' protocols.
The microarray data were normalized with MAS5.0 and log 2 transformed with Expression Console v 1.1.1 software (Affymetrix). Analyses were carried out on (1) genes called ''present'' in 25% or more of the arrays (of the~55,000 transcripts on the microarray,~26,000 fit this criterion and are therefore considered to be expressed in our B cells) or, (2) for the time-course experiments, genes that were called ''present'' in two or more time points. We used a different selection criterion in the time-course study to include genes that were induced at some but not all parts of the UPR. However, we found that there are few such genes; > 80% of the genes are either expressed or not expressed at all time points.
DMSO was used as a solvent for thapsigargin and tunicamycin. To account for possible effects of the DMSO, we treated cells with DMSO alone and with thapsigargin or tunicamycin in DMSO. For each gene, we subtracted the expression value (log 2 ) in the DMSO-treated samples from that (log 2 ) in the thapsigarginor tunicamycin-treated cells. In order to present the response to ER stress as a fold change (FC), we took the anti-log 2 of the expression responses.
Samples used in various analyses include the following: first, for the time-course study, we used ten unrelated individuals from the collection of twins of European ancestry. The samples were pooled at each time point and treatment and were hybridized onto duplicate arrays. To identify those genes that change expression levels over time, we carried out analysis of variance (ANOVA; p < 10
À5
). Second, to identify individual variability in gene expression response to ER stress, we analyzed data from 60 (HapMap CEPH-Utah collection) unrelated individuals and then replicated the findings in 14 (European twin collection) unrelated individuals. For each ''expressed'' gene, we carried out a paired t test to compare gene expression in DMSO treatment versus tunicamycin or thapsigargin treatment. Genes with a corrected p < 10 À5 (Bonferroni correction) were considered ''ER-stress responsive.'' To determine individual variability, we calculated variance of their expression response across 60 and 14 individuals separately.
Fibroblasts and Keratinocytes
Primary fibroblasts from the foreskin of healthy newborns were cultured in MEM medium supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/mL penicillin/streptomycin. Keratinocytes (ATCC) were cultured in Dermal Cell Basal medium supplemented with Keratinocyte Growth Kit (ATCC 
Intraclass Correlation Coefficient Analysis
For each ER-stress-responsive gene, ANOVA was performed as an assessment of differences between twin pairs, relative to differences within pairs. From the ANOVA, we computed the intraclass correlation coefficient (ICC).
17,18
Cis-Acting Elements
For each ER-stress-responsive gene, we identified the RefSeq sequence (if there were multiple RefSeq sequences for a gene, we used the one that represented the longest transcript). Within those sequences and 2 kb up-and downstream, we looked for exact matches to the ER stress response element (ERSE) (CCAAT-N9-CCACG) and the unfolded protein response element (UPRE) (TGACGTGG/A) sequences. The positions of the ERSE or UPRE in Table S1 (available online) correspond to those in build hg18 of the UCSC reference genome.
Disease-Susceptibility Genes
We 20 Tunicamycin inhibits N-glycosylation, which leads to an accumulation of underglycosylated proteins that cannot exit the ER. 21 In the cells that we treated with thapsigargin or tunicamycin, ER stress was induced as shown by splicing of XBP1, a hallmark of UPR 22 ( Figure 1 ).
Temporal Gene Expression Response to Thapsigargin and Tunicamycin
To study the temporal response of B cells to ER stress, we treated cells from ten healthy individuals with thapsigargin or tunicamycin and used microarrays to profile gene expression at ten time points (baseline and 15 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr, 24 hr, and 48 hr after treatment). For each time point and treatment, we pooled RNA samples from ten individuals and hybridized them onto Affymetrix microarrays. For each gene, we calculated changes in expression levels by comparing the signal intensity of the treated samples with that of the baseline and also to treatment with DMSO alone. To identify genes that changed significantly at one or more time points after treatment, we carried out an ANOVA.
In the tunicamycin-treated samples, 26,631 genes were expressed at two or more time points. We focused on these genes for further analysis. Among the expressed genes, 1301 genes (5%) changed significantly (p < 10 À5 , ANOVA) at one or more time points after exposure to tunicamycin. We expect to find less than one gene that showed this level of significance by chance alone; thus, we conclude that many of these genes indeed play a role in response to tunicamycin-induced ER stress. Figure 2 shows the temporal expression patterns of genes in the classic UPR pathways.
To study the temporal response patterns, we clustered the genes by their patterns of expression using correlation with hierarchical clustering and carried out a post hoc t test. Only a small number of genes showed significant changes in expression at the 15 and 
Thapsigargin and Tunicamycin Induce Similar Changes in Gene Expression
Thapsigargin evoked a similar pattern of gene expression changes as tunicamycin. Forty-six percent (or 596) of 1301 genes whose expression levels changed significantly showed significant (p < 10 À5 ) changes after thapsigargin treatment. Many of the remaining genes showed changes in expression after thapsigargin treatment, although they did not reach the significance threshold of p < 10 À5 .
Highly similar temporal patterns of expression were seen after tunicamycin and thapsigargin treatments ( Figure 2 and Figure 3 ). For each gene, we compared the gene expression patterns after treatments with the two drugs by calculating correlation coefficients. The median correlation was 0.87 (average, 0.80, range, À0.88 to 1.0). Figure 3 shows gene expression patterns of four genes after treatment with the two drugs. These results suggest that most of the expression changes are due to ER stress and are not a specific response to tunicamycin or thapsigargin.
Cis-Acting Elements in ER-Stress-Responsive Genes
Transcription factors such as XBP1 and ATF6 coordinate many of the gene expression changes in the UPR. There are two well-characterized cis-acting ER-stress-responsive elements for binding of these transcription factors. One is the ERSE, CCAAT-N9-CCACG, where NF-Y binds to the CCAAT part and pATF6a and pATF6b bind to the CCACG portion. 23, 24 The second is the UPRE, TGACTGG/A, a binding site for XBP1. 25, 26 We looked for ERSE and UPRE sequences in the genes that showed significant changes (p < 10 À5 ) in gene expression after tunicamycin and thapsigargin treatments. We found that 25% of the genes contain one or more UPREs and that < 1% (seven genes) contain an ERSE (see Table S1 
ER-Stress-Responsive Genes
The time-course results provide us with a temporal pattern of gene expression responses to ER stress. However, the number of time points limits how many samples we can study. For the analysis, we used a pool of samples (ten individuals in the pool). Thus, genes with subtle effects would not be detected. We also did not obtain information on individual differences in response. To address these individual differences, we picked two time points (baseline and 8 hr after exposure) and studied changes in gene expression 8 hr after treatment with tunicamycin in 60 individuals. 
. Examples of ER-Stress-Responsive Genes that Showed Similar Expression Patterns in Response to Tunicamycin and Thapsigargin
Among the 23, 196 array probes that are expressed in our B cells, 10,729 (46%, corresponding to 7031 genes) showed significant changes in gene expression with tunicamycin treatment (p < 10 À5 , t test). The sample size allows us to identify genes that show modest but significant response to ER stress. Almost half of the expressed genes showed significant changes in gene expression in response to ER stress, thus illustrating the complexity of UPR. There were 2533 array probes (11%, corresponding to 1752 genes; Table  S2 ) that showed R 1. (Figure 4) . The consistency of the data provides a strong suggestion that they play a role in UPR.
To follow up these findings, we studied an additional sample. We treated cells from an independent set of 14 unrelated individuals with thapsigargin (rather than tunicamycin) for 4 hr and measured changes in gene expression. Despite a smaller sample size, among the 2533 array probes that showed significant and R 1.5-fold changes in expression levels in the tunicamycin-treated cells, we found that 1500 probes showed similar changes (Table S2) after thapsigargin treatment. This further supports the idea that these genes are indeed responding to ER stress and not just to tunicamycin. To study these ''ER-stress-responsive genes,'' we first looked for genes that belong to canonical ER stress pathways. Known UPR genes that showed significant changes in gene expression include CHOP/DDIT3 However, there are also many genes that have not been reported to play a role in UPR. Among the 100 genes that showed the most significant changes and largest fold change in gene expression, only 38 have been reported in the literature (PubMed) as participating in UPR. Others, such as INHBE and VLDLR, showed significant (p ¼ 10
À51
and 10 À37 , respectively) and large fold changes (23-and 7-fold changes, respectively) and yet have not been implicated in UPR. Table 2 shows some of these newly identified ER-stress-responsive genes and their functional categories according to the Gene Ontology database. 27 Very Low Density Lipoprotein Receptor and Inhibin Beta-E The expression levels of INHBE and VLDLR increased significantly after ER stress. Neither gene has been implicated in UPR. The temporal patterns of expression of INHBE and VLDLR after treatment with thapsigargin or tunicamycin are shown in Figure 3 , and their expression levels in 60 individuals at baseline and 8 hr after thapsigargin treatment are shown in Figure 4 . These results showed consistent induction of these two genes across time points and individuals; thus confirming their roles in UPR. To determine whether the expression responses of INHBE and VLDLR are specific to cultured B cells or are also seen in other cell types, we induced ER stress in primary human fibroblasts and keratinocytes and measured expression levels of these genes at 2, 4, and 8 hr after tunicamycin treatment. In primary fibroblasts, significant (p < 0.01) changes were observed for INHBE and VLDLR. Maximum inductions of INHBE (4.2-fold) and VLDLR (2.9-fold) were 
. Examples of Genes that Showed Significant Changes in Response to ER Stress among 60 Unrelated Individuals
Shown are two genes (PARL and LRRC47) that showed significant but modest fold change after ER stress. In addition, two genes (INHBE and VLDLR) that were not known to play a role in ER stress showed significant and large fold change after exposure to tunicamycin.
The American Journal of Human Genetics 86, 1-11, May 14, 2010 5 seen 4 and 8 hr after ER stress, respectively. In keratinocytes, INHBE was not expressed, but VLDLR was expressed and showed 2.8-fold induction after ER stress. As reported above, the roles of INHBE and VLDLR in the ER-stress response are further supported by the presence of unfolded protein response element (UPRE), TGACTGG/A, a binding site for XBP1 25, 26 in these genes (Table S1 ).
Annotations of UPR-Responsive Genes
To characterize the collection of ER-stress-responsive genes, we annotated the genes by using Gene Ontology Annotations and the KEGG pathway tool. We found enrichments of genes that are involved in RNA processing, response to protein stimulus, and the cell cycle (see Table 3 for complete list). Similarly, the KEGG pathway tool showed enrichment for genes that participate in pyrimidine metabolism, cell cycle, folate biosynthesis, and N-glycan biosynthesis (Bejamini-corrected p < 0.05).
UPR-Responsive Genes and Disease Susceptibility
ER stress is implicated in many human diseases, from Mendelian disorders, such as cystic fibrosis, to complex diseases, including diabetes and neurodegenerative disorders. The large number of ER-stress-responsive genes identified in this study provides us an opportunity to study the contribution of ER stress to human diseases more comprehensively. We queried OMIM and the catalog of published results from GWAS 19 to identify the ER-stress-responsive genes that have been implicated in Mendelian and complex diseases. We found that 191 and 357 of the ERstress-responsive genes are disease susceptibility genes in the OMIM and GWAS catalog, respectively. Table 4 for additional examples). These results provide further mechanistic suggestions of ER stress in the pathophysiology of human diseases.
Individual Variation in Expression Response to ER Stress
Using gene expression responses of the 60 individuals, we assessed individual variability in response to ER stress. For each gene, we calculated variance of fold change in response to tunicamycin-induced ER stress, and we ranked the genes by the variances. We found that many genes 
6.8
Data are from 60 individuals of European descent treated with tunicamycin. a From 100 genes that showed the most significant and largest fold change in response to ER stress. Cell cycle 7.00 3 10
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showed extensive individual variation but that others showed less variability. The fold-change values for ten genes were plotted in Figure 5 . Eight genes were highly variable, and two (EIF3B [MIM 603917] and SOS2 [MIM 608674]) showed little individual variation in their expression responses to ER stress. To study the variable genes, we annotated them by using Gene Ontology. However, the variable genes did not show enrichment of any functional groupings. Then, we looked for known functions of the variable and less variable genes in the ER by searching for the names of the genes and the words ''endoplasmic reticulum'' in PubMed. We found that significantly more of the less variable genes were known to have a role in the ER. Thirty of the 78 least variable genes are found in PubMed abstracts that have the words ''endoplasmic reticulum,'' whereas only 13 of the 78 most variable genes have such association (p ¼ 0.0001, chi-square). This result is not too surprising, given that individual variability complicates molecular validations. Genes that are highly variable are induced in some individuals but not in others. Thus, these variable genes are less likely to have been shown to play a role in the ER; experiments with small samples would have yielded inconsistencies. These variable responsive genes can be detected only when a large number of samples are studied. However, the individual variation is important because these genes are more likely to be disease-susceptibility genes than are genes that are less polymorphic.
Genetic Component to ER-Stress Response
To assess whether there is a genetic component to the individual variation in gene expression response to ER stress, we examined the phenotypes in genetically identical MZ twins. We induced ER stress in immortalized B cells from 14 twin pairs of European descent and 12 African American twin pairs, then we measured gene expression by using the same microarrays as in the above experiments. To evaluate twin similarity in response to ER stress, we carried out the ANOVA separately with data from the twins of European and African American descent. For each gene, the ANOVA provides V A and V W , estimates of the variance among and variance ''within'' MZ twin pairs. The fraction V A / (V A þ V W ) is known as the ICC (intraclass correlation coefficient) and is a standard measure of within-pair similarity. 17, 18 An estimate of the ICC close to its maximum value of 1 indicates high similarity of MZ twins for that measurement; an estimate close to 0 indicates that the twins are no more similar for that measurement than expected by chance. Furthermore, the ANOVA allows a test of the significance of the ICC; that is, a test for significant correlation within MZ twin pairs. We used the ICC to evaluate MZ twin similarity in response to ER stress. The ICC is not a direct indicator of this heritable contribution, but it is the natural measure to use with data from a sample of MZ twins. 18 We considered whether to pool data from the two ethnic groups before carrying out the ANOVA, in order to increase sample size. However, we were concerned that there might be underlying differences between the groups that could result in misleading findings. For this reason, we carried out the ICC analysis separately for the two sets of twins.
The results show that for many genes, twins are more similar in their response to ER stress than are nontwins. Figure 6 is an example of our findings. It shows individual twin-pair results for gene phosphoserine phosphatase-like Table 5 . These results are based on a small sample size (14 and 12 pairs of twins), but they are suggestive that individual variation in expression response to ER stress is genetically regulated.
Discussion
Individual differences in the efficiency of the ER to carry out its cellular functions underlie human diseases such as autoimmune and neurodegenerative disorders. The ER is the organelle where key cellular functions, including protein synthesis, protein modification, calcium maintenance, and lipid synthesis, occur. To respond to cellular needs, the ER synthesizes transmembrane proteins and lipids that constitute most of the cell's organelles from the ER itself to mitochondria, Golgi, and the plasma membrane. In cells, such as B-lymphocytes, which secrete proteins in the form of immunoglobulins, or hepatocytes, where lipoproteins are produced, the ER is abundant. The efficiency in which cells can produce antibodies, insulin, and lipoproteins affects the organism's ability to fight infections, its ability to deal with sugar and fat loads, and ultimately its susceptibility to diseases. Accumulation of proteins in cells triggers UPR, which is a complex response that includes changes in transcription of genes involved in protein degradation, transport, and synthesis. In this study, we carried out gene expression studies in cells from a large number of individuals treated with two ER-stress-inducing drugs, tunicamycin and thapsigargin, to assemble a comprehensive list of genes that participate directly and indirectly in the UPR. We ''rediscovered'' the known genes, but we also found many genes that were not known to play a role in UPR. Among the top 100 genes that showed the most significant and highest fold induction or repression in response to ER stress, only 40% are known ''UPR genes.'' The validity of many of the findings is supported by ''rediscovering'' known UPR genes, consistent results from two independent samples and from two drugs that induce ER stress by different mechanisms. Some of the ''new'' genes participate in known UPR pathways such as protein transport and degradation, but the roles of others, including VLDLR and INHBE, whose expression levels were induced greatly (~7-fold and 23-fold, respectively) in both B cells and fibroblasts, remain to be determined. VLDLR was also induced in response to ER stress in primary keratinocytes. Hence, these results provide a basis for refining our knowledge of known UPR pathways and for identifying new ones. To examine the connection between ER function and disease susceptibility, we assessed individual variation in ER function. We found extensive variation in gene expression response to ER stress. Previously, we showed that there is extensive variation in gene expression at baseline 28 and in response to radiation. 29 Results from this study suggest that individuals differ not only in response to external stimuli, such as radiation, but also to cellular stress, such as protein load. Among the genes that show variable response to ER stress are chemokines, such as lymphotactin (XCL1 [MIM 600250]), which play a key role in immune response and are associated with disorders such as rheumatoid arthritis [MIM 180300] 30 and IgA We also examined the ER-stress response in MZ twins in order to assess genetic contributions to individual variability in response to ER stress. Results from 26 MZ twin pairs, 14 and 12 of European and African American descent, respectively, showed significant MZ twin similarity; the expression response for many genes is highly correlated within the twin pairs. These results suggest a heritable contribution to the expression response of some genes to ER stress and the existence of germline genetic variation that influences response to ER stress. In genetics of gene expression studies, 36, 37 we and others have shown that DNA variants influence gene expression at baseline and in response to radiation. [38] [39] [40] [41] [42] [43] The results from this study suggest that similar genetic approaches can be used to identify DNA sequence variants that influence the ER-stress response. Those results will provide a basic understanding of regulation of the function of the ER and provide candidate susceptibility genes for diseases that are result of ER stress, such as diabetes.
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